Introduction {#S0001}
============

To prevent the highly contagious measles, mumps, and rubella diseases, the World Health Organization (WHO) and the Centers for Disease Control and Prevention (CDC) recommend maintaining a high vaccination coverage (≥80%--≥95%) with measles-, mumps-, and/or rubella-containing vaccines.^[1](#CIT0001)--[4](#CIT0004)^

The implementation of universal routine vaccination programs has led to a dramatic reduction in the incidence of these diseases compared to the pre-vaccine era: in the United States of America (USA), endemic measles and rubella have been eliminated and mumps cases have decreased by \>99%.^[5](#CIT0005)--[7](#CIT0007)^ However, occasional outbreaks still occur -- as observed for measles and mumps outbreaks in the recent years. Notably, mumps outbreaks were shown to occur in highly vaccinated US communities, particularly in close-contact settings.^[7](#CIT0007),[8](#CIT0008)^ However, high vaccination coverage helps limit the severity, duration and spread of the disease. In this regard, MMR vaccine prevents most, but not all, cases of mumps and complications caused by the disease.

In the USA, the Advisory Committee on Immunization Practices recommends administration of a first dose of the only licensed combined measles, mumps, and rubella (MMR) vaccine, MMR II (*M-M-R II*, Merck & Co Inc.), at 12--15 months of age, followed by a second dose at 4--6 years of age.^[1](#CIT0001)^ Two doses are key to maintaining a high level of overall protection. The combined measles-mumps-rubella-varicella vaccine (MMRV; *ProQuad*, Merck & Co Inc.) can also be used in the USA to protect against measles, mumps and rubella. Given the need of both high vaccination coverage and compliance with the two-dose schedule for protection, potential interruptions in MMR vaccine supply in the USA could have critical public health consequences.

In over 100 countries outside the USA, another MMR vaccine, MMR-RIT (*Priorix*, GSK), is licensed for use in individuals aged 9 months and older. A second dose of this vaccine is recommended in many countries around the time of elementary school entry.^[9](#CIT0009),[10](#CIT0010)^

The recommended schedule of a second dose of MMR vaccines in many countries coincides with the timing of administration of other childhood routine vaccines such as a booster dose of diphtheria, tetanus, acellular pertussis, and inactivated polio vaccine (DTaP-IPV), and a second dose of varicella vaccine (VV). Current guidelines recommend assessing any potential interference between vaccines when administered simultaneously.^[11](#CIT0011),[12](#CIT0012)^ A previous study investigated the safety of simultaneous administration of DTaP-IPV, MMR II, and VV, along with the immunogenicity of the DTaP-IPV components.^[13](#CIT0013)^ However, to our knowledge, there are no published data on the immunogenicity of MMR-RIT when co-administered with both DTaP-IPV and VV.

In this study, we evaluated the immunogenicity and safety of MMR-RIT compared to the USA standard of care, MMR II, when given as a second dose to children 4--6 years of age, with or without co-administration of DTaP-IPV (*Kinrix*, GSK) and VV (*VARIVAX*, Merck & Co Inc). A summary contextualizing the outcomes of this study is displayed in the Focus on the Patient Section ([Figure 1](#F0001)) for the convenience of health care professionals.10.1080/21645515.2018.1554971-F0001Figure 1.Focus on the patient section.

Results {#S0002}
=======

Study participants and demographic characteristics {#S0002-S2001}
--------------------------------------------------

We enrolled a total of 4011 children in 3 different sub-cohorts to assess: immunogenicity and safety of MMR vaccine, DTaP-IPV, and VV when co-administered (sub-cohort 1); immunogenicity and safety of MMR vaccine administered alone (sub-cohort 2); and safety of MMR vaccine administered alone (sub-cohort 3) (see Patients and Methods for more details). Children in each sub-cohort were randomized and vaccinated with either MMR-RIT or MMR II in a 3:1 ratio: 1100 children in sub-cohort 1 (MMR-RIT: N = 802, MMR II: N = 298), 1099 in sub-cohort 2 (MMR-RIT: N = 796, MMR II: N = 303), and 1808 in sub-cohort 3 (MMR-RIT: N = 1319, MMR II: N = 489) ([Figure 2](#F0002)). A total of 3846 children completed the study (1030, 1055, and 1761 in sub-cohorts 1, 2, and 3, respectively) and 161 were prematurely withdrawn (70, 44, and 47 children in sub-cohorts 1, 2, and 3, respectively). The main reasons for discontinuation were loss to follow up (MMR-RIT: ≤4.5%, MMR II: ≤5.4%) and consent withdrawal not due to an adverse event (AE) (MMR-RIT: ≤1% and MMR II: ≤1.3%). No children in this study were withdrawn due to an AE.10.1080/21645515.2018.1554971-F0002Figure 2.Flow diagram of the study participants in each sub-cohort.Footnote: ATP, according-to-protocol; DTaP-IPV, diphtheria, tetanus, acellular pertussis, and inactivated polio vaccine; N, number of participants; n, number of participants within the category; VV, varicella vaccine.

Within each sub-cohort, demographic characteristics were similar between the study groups ([Table 1](#T0001)).10.1080/21645515.2018.1554971-T0001Table 1.Demographic characteristics of the study participants (total vaccinated cohort). Sub-cohort 1Sub-cohort 2Sub-cohort 3CharacteristicMMR-RIT\
(N = 802)MMR II\
(N = 298)MMR-RIT\
(N = 796)MMR II\
(N = 303)MMR-RIT\
(N = 1319)MMR II\
(N = 489)Age\* (years), mean (SD)4.1 (0.3)4.1 (0.3)4.4 (0.6)4.3 (0.6)4.4 (0.6)4.4 (0.6)Females:males398:404134:164361:435153:150632:687225:264Country, n (%)       South Korea0 (0.0)0 (0.0)158 (19.8)66 (21.8)91 (6.9)43 (8.8) Taiwan0 (0.0)0 (0.0)226 (28.4)80 (26.4)492 (37.3)170 (34.8) United States of America802 (100)298 (100)412 (51.8)157 (51.8)736 (55.8)276 (56.4)Geographic ancestry, n (%)       African heritage/African American96 (12.0)39 (13.1)48 (6.0)19 (6.3)94 (7.1)32 (6.5) American Indian or Alaskan native130 (16.2)38 (12.8)15 (1.9)3 (1.0)4 (0.3)0 (0.0) Asian-East Asian heritage28 (3.5)6 (2.0)384 (48.2)146 (48.2)565 (42.8)209 (42.7) Asian-South East Asian heritage49 (6.1)25 (8.4)11 (1.4)4 (1.3)16 (1.2)8 (1.6) White-Caucasian/European heritage363 (45.3)135 (45.3)291 (36.6)117 (38.6)575 (43.6)218 (44.6) Other136 (16.9)55 (18.4)47 (5.9)14 (4.6)65 (4.9)22 (4.5)[^1][^2]

Immunogenicity assessments {#S0002-S2002}
--------------------------

The immunogenicity of MMR-RIT and MMR II was assessed in sub-cohorts 1 and 2, while the immunogenicity of the co-administered DTaP-IPV and VV was assessed in sub-cohort 1 only. No immunogenicity assessments were performed in sub-cohort 3.

### Non-inferiority of the immune response to MMR-RIT versus MMR II {#S0002-S2002-S3001}

In sub-cohort 1, MMR-RIT and MMR II were administered together with DTaP-IPV and VV. Under these circumstances, the seroresponse rates (SRRs) and antibody geometric mean concentrations (GMCs) to the MMR components at Day (D)42 were similar between vaccine groups, with SRRs of at least 99.9% for all antibodies ([Table 2](#T0002)). MMR-RIT was non-inferior to MMR II in terms of anti-measles, anti-mumps, and anti-rubella SRRs (with seroresponse defined as an immunoglobulin G \[IgG\] antibody concentration ≥200 mIU/mL for anti-measles, ≥10 EU/mL for anti-mumps, and ≥10 IU/mL for anti-rubella irrespective of the baseline antibody concentrations), as the lower limits of the 97.5% confidence intervals (CIs) of the differences in SRRs (MMR-RIT minus MMR II) at D42 were above the pre-defined threshold of −5% for all 3 antibodies ([Table 2](#T0002)).10.1080/21645515.2018.1554971-T0002Table 2.Anti-measles, anti-mumps, and anti-rubella seroresponse rates and geometric mean antibody concentrations at Day 42 when MMR-RIT and MMR II were co-administered with DTaP-IPV and VV (according-to-protocol cohort for immunogenicity, sub-cohort 1). SRR (%)  MMR-RIT\
(N = 697)\*MMR II\
(N = 249)\*Difference in SRR (MMR-RIT SRR minus MMR II SRR)\
% (97.5% CI)^a^anti-measles1001000.00 (−0.**72**, 1.98)anti-mumps1001000.00 (−0.**72**, 1.97)anti-rubella99.9100−0.14 (−0.**98**, 1.84) Adjusted GMCs  MMR-RIT\
(N = 690)\*MMR II\
(N = 245)\*Adjusted GMC ratio\
(MMR-RIT GMC over MMR II GMC) % (97.5% CI)^b^anti-measles4285.04333.50.99 (0.**92**, 1.06)anti-mumps171.3188.50.91 (0.**83**, 1.00)anti-rubella97.194.51.03 (0.**97**, 1.09)[^3][^4][^5][^6][^7][^8]

In sub-cohort 1, MMR-RIT was also non-inferior to MMR II in terms of antibody GMCs to anti-measles, anti-mumps, and anti-rubella viruses, as we found that for all 3 antibodies the lower limits of the 97.5% CIs of the adjusted GMC ratios (MMR-RIT over MMR II) at D42 were above the pre-defined threshold of 0.67 ([Table 2](#T0002)).

In sub-cohort 2, MMR-RIT and MMR II were administered alone. In this sub-cohort, SRRs and GMCs for antibodies to the MMR components were similar between vaccine groups ([Table 3](#T0003)). All children vaccinated with MMR-RIT and ≥99.3% of children vaccinated with MMR II showed anti-measles, anti-mumps, and anti-rubella antibody seroresponses. The non-inferiority of MMR-RIT compared to MMR II was met in terms of both SRRs and GMCs for all 3 antibodies tested (the criteria used were the same as for the SRR and GMC objectives in sub-cohort 1; [Table 3](#T0003)).10.1080/21645515.2018.1554971-T0003Table 3.Anti-measles, anti-mumps, and anti-rubella seroresponse rates and geometric mean antibody concentrations at Day 42 when MMR-RIT and MMR II were administered alone (according-to-protocol cohort for immunogenicity, sub-cohort 2). SRR (%)  MMR-RIT\
(N = 736)MMR II\
(N = 283)Difference in SRR\
(MMR-RIT SRR minus MMR II SRR) % (97.5% CI)^a^anti-measles100.099.30.71 (**0.02**, 2.97)anti-mumps100.0100.00.00 (−0.**68**, 1.75)anti-rubella100.0100.00.00 (−0.**68**, 1.75) Adjusted GMCs  MMR-RIT\
(N = 729)\*MMR II\
(N = 280)\*Adjusted GMC ratio\
(MMR-RIT GMC over MMR II GMC) % (97.5% CI)^b^anti-measles3600.33504.31.03 (**0.96**, 1.10)anti-mumps167.7174.60.96 (**0.87**, 1.06)anti-rubella99.398.61.01 (**0.95**, 1.07)[^9][^10][^11][^12][^13][^14]

Of note, pre-vaccination antibody GMCs within each sub-cohort were comparable between the MMR-RIT and MMR II groups for anti-measles (ranging from 2729.6 to 3644.1 mIU/mL), anti-mumps (49.6--60.7 EU/mL), and anti-rubella antibodies (45.1--61.5 IU/mL).

### Non-inferiority of MMR-RIT versus MMR II in terms of immune responses to DTaP-IPV and VV {#S0002-S2002-S3002}

In sub-cohort 1, DTaP-IPV and VV were co-administered with either MMR-RIT or MMR II vaccine. The doses of DTaP-IPV and VV corresponded to the fifth dose of DTaP-containing vaccine, fourth dose of IPV and second dose of VV in the recommended immunization schedule for the participants. For each MMR vaccine group in sub-cohort 1, the immunogenicity of the co-administered VV was assessed in terms of SRR and antibody GMC for anti-varicella zoster virus (VZV), and the immunogenicity of DTaP-IPV was measured in terms of booster response rates (BRRs; see definitions in Patients and Methods), GMCs, and antibody geometric mean titers (GMTs) to the antigens in the vaccine.

The immune responses to the varicella, diphtheria, tetanus, pertussis, and the 3 polio antigens at D42 were similar between the MMR-RIT and MMR II groups ([Tables 4](#T0004) and [5](#T0005)). After vaccination with MMR-RIT, ≥99.7% of children showed seroresponse to anti-VZV and ≥93.9% showed a booster response to the DTaP-IPV components ([Table 4](#T0004)).10.1080/21645515.2018.1554971-T0004Table 4.Seroresponse rate and booster response rate to antibodies to the co-administered vaccines at Day 42 (according-to-protocol cohort for immunogenicity, sub-cohort 1). MMR-RITMMR IIDifference in BRR or SRR\
(MMR-RIT minus MMR II)\
% (97.5% CI)^a^NBRR or SRR (%)NBRR or SRR (%)anti-DT65999.7233100.0−0.30 (−1.**29**, 1.81)anti-FHA65994.123494.4−0.36 (−3.**90**, 4.34)anti-PRN66099.523499.6−0.03 (−1.**17**, 2.44)anti-PT65997.623396.61.01 (−1.**54**, 4.95)anti-TT66193.923495.7−1.78 (−5.**08**, 2.60)anti-VZV69599.7247100.0−0.29 (−1.**22**, 1.71)[^15][^16][^17][^18][^19] 10.1080/21645515.2018.1554971-T0005Table 5.Geometric mean antibody concentrations or titers to the co-administered vaccines at Day 42 (according-to-protocol cohort for immunogenicity, sub-cohort 1). MMR-RITMMR IIAdjusted GMC/GMT ratio\
(MMR-RIT over MMR II)\
% (97.5% CI)^a^NAdjusted\
GMC/GMTNAdjusted\
GMC/GMTanti-PV 1 (ED~50~)6691636.52381558.41.05 (**0.88**, 1.25)anti-PV 2 (ED~50~)6532032.72332197.30.93 (**0.78**, 1.09)anti-PV 3 (ED~50~)5902794.42142978.80.94 (**0.77**, 1.14)anti-FHA (IU/mL)684313.7243323.30.97 (**0.88**, 1.07)anti-PRN (IU/mL)682399.9243417.60.96 (**0.84**, 1.09)anti-PT (IU/mL)68476.124373.01.04 (**0.92**, 1.18)anti-VZV (mIU/mL)695879.7247830.11.06 (**0.95**, 1.18)[^20][^21][^22][^23]

The responses to DTaP-IPV co-administered with MMR-RIT were non-inferior to co-administration with MMR II in terms of BRRs to diphtheria, tetanus, and pertussis antigens at D42, as the lower limit of the 97.5% CIs of the difference in BRR (MMR-RIT minus MMR II) was ≥-10% (predefined threshold) for anti-diphtheria toxoid (DT), anti-tetanus toxoid (TT), anti-pertussis toxoid (PT), anti-filamentous hemagglutinin (FHA), and anti-pertactin (PRN) antibodies ([Table 4](#T0004)).

Non-inferiority of DTaP-IPV co-administered with MMR-RIT compared to co-administration with MMR II in terms of antibody concentrations or titers against polio and pertussis antigens was demonstrated, as the lower limit of the 97.5% CIs of the adjusted GMC/GMT ratios (MMR-RIT over MMR II) was ≥0.67 for anti-PT, anti-FHA, anti-PRN antibodies and for antibodies against the 3 poliovirus (PV) strains ([Table 5](#T0005)).

Non-inferiority of MMR-RIT compared to MMR II in terms of SRR to the VV component was proven, as the lower limit of the 97.5% CIs of the difference in SRR (MMR-RIT minus MMR II) at D42 was above the predefined threshold of −5% for anti-VZV antibody ([Table 4](#T0004)). Non-inferiority of VV in terms of antibody concentration against VZV was also met, as the lower limit of the 97.5% CIs of the adjusted GMC ratio (MMR-RIT over MMR II) was ≥0.67 ([Table 5](#T0005)).

Overall, we demonstrated non-inferiority of MMR-RIT to MMR II in terms of immune responses to measles, mumps, and rubella viruses, and absence of clinically relevant impact on the immune responses to the antigens contained in the co-administered DTaP-IPV and VV.

Reactogenicity and safety {#S0002-S2003}
-------------------------

A third sub-cohort was included in the study (sub-cohort 3) to assess the reactogenicity and safety of MMR-RIT and MMR II when administered alone. Safety events were also recorded in sub-cohorts 1 and 2. Reactogenicity and safety were assessed in each sub-cohort separately.

In each sub-cohort, the reactogenicity profile was similar between MMR-RIT and MMR II groups ([Figure 3](#F0003)). The most common solicited local AE in all 3 sub-cohorts was pain at the MMR injection site. More children reported pain in sub-cohort 1 (40.6% in MMR-RIT; 40.8% in MMR II) than in sub-cohort 2 (19.8% in MMR-RIT; 22.1% in MMR II) and sub-cohort 3 (21.6% in MMR-RIT; 25.6% in MMR II) ([Figure 3](#F0003)).10.1080/21645515.2018.1554971-F0003Figure 3.Incidence, in each sub-cohort, of solicited injection site adverse events (Day 0--3), fever (Day 0--42), and drowsiness and loss of appetite (Day 0--3; only assessed in sub-cohort 1) (total vaccinated cohort).Footnote: N, number of participants with at least 1 vaccine administration documented.\*Except for fever, drowsiness, and loss of appetite in sub-cohort 1 (MMR-RIT, N = 731 and MMR II, N = 268); fever in sub-cohort 2 (MMR-RIT, N = 767 and MMR II, N = 291); and fever in sub-cohort 3 (MMR-RIT, N = 1291 and MMR II, N = 481). Children in sub-cohort 1 received either MMR-RIT or MMR II together with DTaP-IPV and VV; children in sub-cohorts 2 and 3 received either MMR-RIT or MMR II alone.The injection site adverse events (i.e., pain, redness, and swelling) refer to the site of MMR vaccine injection. Fever: temperature ≥38.0°C. Grade 3 was defined as: limb spontaneously painful or child cried when limb was moved (pain); diameter \>50 mm (redness, swelling); temperature \>39.5°C (fever); adverse event preventing normal, everyday activities (drowsiness); not eating at all (loss of appetite). The error bars represent the upper and lower limits of the exact two-sided 95% confidence intervals.

The most common solicited general AE between D0--42 was fever ≥38.0°C (19.0%--24.1% in MMR-RIT; 19.9%--24.6% in MMR II) ([Figure 3](#F0003)), followed by rash of any type (4.3%--8.3% in MMR-RIT; 4.1%--10.4% in MMR II) ([Table 6](#T0006)).10.1080/21645515.2018.1554971-T0006Table 6.Incidence of rash, parotid/salivary gland swelling, and febrile convulsions/headaches (Day 0--42) (total vaccinated cohort). Sub-cohort 1Sub-cohort 2Sub-cohort 3n (%)MMR-RIT\
(N = 731)MMR II\
(N = 268)MMR-RIT\
(N = 767)MMR II\
(N = 291)MMR-RIT\
(N = 1291)MMR II\
(N = 481)Rash       Any rash61 (8.3)28 (10.4)37 (4.8)12 (4.1)56 (4.3)23 (4.8) Grade 33 (0.4)0 (0.0)1 (0.1)0 (0.0)3 (0.2)0 (0.0) Measles/rubella-like14 (1.9)5 (1.9)3 (0.4)2 (0.7)4 (0.3)2 (0.4) Varicella-like\*4 (0.5)3 (1.1)\-\-\--Parotid/salivary gland swelling0 (0.0)0 (0.0)0 (0.0)1 (0.3)1 (0.1)1 (0.2) Grade 30 (0.0)0 (0.0)0 (0.0)0 (0.0)0 (0.0)0 (0.0)Febrile convulsion/headaches0 (0.0)2 (0.7)1 (0.1)0 (0.0)0 (0.0)0 (0.0) Grade 30 (0.0)0 (0.0)0 (0.0)0 (0.0)0 (0.0)0 (0.0)[^24][^25][^26]

We also assessed fever between D5--12. The incidence was 4.8% in MMR-RIT and 3.4% in MMR II (sub-cohort 1), 4.3% in MMR-RIT and 2.7% in MMR II (sub-cohort 2), and 5.9% in MMR-RIT and 5.0% in MMR II (sub-cohort 3). Grade 3 fever (\>39.5°C) between D5--12 was reported in ≤1.4% of children across vaccine groups and sub-cohorts.

Measles/rubella-like rash was reported in ≤1.9% of children across vaccine groups and sub-cohorts ([Table 6](#T0006)). Varicella-like rash, assessed only in sub-cohort 1 as a solicited symptom of interest after VV vaccination, was reported in 4 children of the MMR-RIT group and 3 of the MMR II group. Neurological signs or symptoms suggestive of meningeal irritation were reported in 3 children: 1 case of febrile convulsion in the MMR-RIT group and 2 cases of headache in the MMR II group ([Table 6](#T0006)). Parotid gland swelling was reported in 1 child in the MMR-RIT group and 2 children in the MMR II group ([Table 6](#T0006)).

We also assessed drowsiness and loss of appetite in sub-cohort 1, as solicited symptoms of interest after DTaP-IPV vaccination. Up to 27.2% of children reported drowsiness and up to 22.0% reported loss of appetite ([Figure 3](#F0003)), with a similar incidence between the MMR-RIT and MMR II groups.

In each sub-cohort, the incidence of unsolicited AEs, serious AEs (SAEs) and new onset chronic diseases (NOCDs) were in comparable ranges between the MMR-RIT and MMR II groups ([Table 7](#T0007)). The most common unsolicited AEs were cough in sub-cohort 1, and nasopharyngitis in sub-cohorts 2 and 3. Unsolicited AEs of grade 3 severity were reported in ≤3.7% of children across vaccine groups and sub-cohorts ([Table 7](#T0007)). The incidence of SAEs in this study was ≤1.9% ([Table 7](#T0007)); 1 SAE (generalized rash) in a child in the MMR-RIT group was considered to be causally related to the vaccination. All children reporting SAEs recovered and all SAEs were resolved before the study end. The incidence of NOCDs across treatment groups and sub-cohorts was ≤1.3%; most of them were newly diagnosed allergies. The most common NOCDs were allergic rhinitis in sub-cohorts 1 and 3, and eczema in sub-cohort 2. There were no AEs leading to premature discontinuation of study vaccine or withdrawal from the study. No fatal events were reported.10.1080/21645515.2018.1554971-T0007Table 7.Incidence of reported unsolicited adverse events (Day 0--42), serious adverse events, and NOCDs (Day 0--180) (total vaccinated cohort). Sub-cohort 1Sub-cohort 2Sub-cohort 3n (%)MMR-RIT\
(N = 802)MMR II\
(N = 298)MMR-RIT\
(N = 796)MMR II\
(N = 303)MMR-RIT\
(N = 1319)MMR II\
(N = 489)Unsolicited AEs (≥1 symptom)276 (34.4)90 (30.2)314 (39.4)112 (37.0)508 (38.5)186 (38.0)Grade 3^a^24 (3.0)11 (3.7)19 (2.4)10 (3.3)29 (2.2)11 (2.2)SAEs (any, ≥1 SAE)4 (0.5)0 (0.0)14 (1.8)1 (0.3)25 (1.9)9 (1.8)NOCDs (any, ≥1 NOCD)8 (1.0)4 (1.3)6 (0.8)0 (0.0)11(0.8)3 (0.6)[^27][^28]

Discussion {#S0003}
==========

To our best knowledge, this study is the first comparing MMR-RIT with MMR II when both were administrated as a second dose in children 4--6 years of age with or without other vaccines routinely given at the same timing as per recommended schedule in many countries. We showed that the immunogenicity of the MMR-RIT vaccine, in terms of SRRs and antibody GMCs, was non-inferior to that of the USA standard of care, MMR II, when given as a second dose to children 4--6 years of age with or without co-administration of DTaP-IPV and VV. The immune responses to the co-administered vaccines were also not affected by which MMR vaccine (either MMR-RIT or MMR II) was administered. The safety profile of MMR-RIT was comparable to that of MMR II when administered with or without DTaP-IPV and VV, and we did not observe any new safety concerns or adverse events reported at higher rates than expected.

Children in sub-cohort 1 of the current study received DTaP-IPV and VV along with either MMR-RIT or MMR II. One previous study by Klein and colleagues assessed the DTaP-IPV immune responses in children who were co-administered DTaP-IPV, MMR II, and VV (same doses of the recommended immunization schedule as in the present study).^[13](#CIT0013)^ They found BRRs of ≥95% for antibodies to the DTaP-IPV components. The BRRs observed in sub-cohort 1 of our study are in line with those results (of note, we used definitions of booster response that are similar or more stringent than those used by Klein and colleagues).

In a different, previous study conducted in Australia, the immunogenicity and safety of a second dose of MMR-RIT was assessed when co-administered with DTaP-IPV -- but not VV -- in children 4--6 years old.^[14](#CIT0014)^ In that study by Marshall and colleagues, all children in the DTaP-IPV + MMR-RIT group showed seroresponse for antibodies against measles, mumps, and rubella 1 month after vaccination, in line with the SRRs of 99.9%--100% observed in sub-cohort 1 of our study.^[14](#CIT0014)^

In a multi-country study by Gillet and colleagues, a second dose of MMR-RIT co-administered with VV in children 2--6 years old elicited robust immune responses, with ≥99% of seropositive children after vaccination.^[15](#CIT0015)^ Sub-cohort 1 of our study showed similar SRRs, even though we used more stringent seroresponse thresholds than those used by Gillet et al.

The immunogenicity of a second dose of MMR-RIT and MMR II administered alone has also been studied. In a previous study conducted in Korea, Lee and colleagues showed 100% seroconversion and similar antibody GMTs after a second dose of either MMR vaccine was administered to children 4--6 years old.^[16](#CIT0016)^ The immunogenicity results of sub-cohort 2 of our study are in line with those by Lee and colleagues, even though our seroresponse thresholds were more stringent than those used by Lee et al.

In our study, children receiving either MMR-RIT or MMR II had comparable safety profiles. Solicited general AEs in our study were reported at similar rates as in children who were co-administered DTaP-IPV and MMR vaccines in 2 previous studies,^[14](#CIT0014),[17](#CIT0017)^ and also in children who were co-administered DTaP-IPV, MMR II, and VV in another study.^[13](#CIT0013)^ The incidence of solicited local AEs in our study is in line with that reported in the previous study conducted in Australia.^[14](#CIT0014)^ However, solicited local AEs in our study were less frequent than in the study by Klein and colleagues.^[13](#CIT0013)^

Children who received the co-administered DTaP-IPV and VV in our study, regardless of the MMR vaccine they received, showed a higher incidence of pain at the MMR injection site compared to children who did not receive the co-administered vaccines. A previous study where DTaP-IPV was co-administered with MMR II reported a high incidence of pain (60.2%) at the DTaP-IPV injection site; MMR injection site symptoms were not assessed in that study.^[17](#CIT0017)^ In our study, the perception of pain at the MMR injection site in children who also received DTaP-IPV and VV may have been affected by the higher pain at the DTaP-IPV injection site, even though the vaccines were administered at different sites. Pain at one site may have increased the attention (and reporting) of pain at other sites by the parents/legally acceptable representatives (LARs), and DTaP-IPV may also have caused generalized muscular pain.

In the case of mumps vaccine, many attenuated strains have been used widely including Jeryl Lynn, Leningrad, Urabe, Zagreb and Rubini.^[18](#CIT0018)^ Several vaccines derived from the Urabe AM9 mumps strain were withdrawn from the market due to an excessive number of vaccine-associated aseptic meningitis.^[19](#CIT0019)^ A similar association with aseptic meningitis has also been a matter of concern for other mumps vaccine strains such as Leningrad and Zagreb.^[20](#CIT0020)^ The mumps virus strain of MMR-RIT is RIT 4385, derived from the Jeryl Lynn B strain used in the MMR II vaccine. Based on available safety and efficacy evidence, the Jeryl Lynn strain was proved to display the most favourable benefit-risk profile.^[21](#CIT0021)^ However, since aseptic meningitis may be a common event among recipients of mumps vaccine, we recorded any signs of neurological symptoms suggestive of meningeal irritation as safety outcome. The results of the present study add further evidence to long-term follow-up studies with Jeryl Lynn-containing MMR vaccine confirming the general safety profile of MMR-RIT and MMR II vaccines. Although a number of mumps cases have occurred in vaccinated individuals during recent mumps outbreaks, no other mumps vaccine strain is available at present with equivalent or better effectiveness and similar safety profile than the currently used Jeryl Lynn strain.^[20](#CIT0020),[21](#CIT0021)^

Taking into account the randomization ratio of 3:1 in each sub-cohort, the rates of SAEs and NOCDs suggest an incidence of such events being evenly spread among vaccine groups. For each serious adverse event, information regarding day of onset, duration, intensity, causality and outcome was collected. Importantly, only one case SAE in the MMR-RIT group was considered related to vaccination by the investigator and all subjects recovered with all SAEs resolved before study end. The present trial did not assess AEs as a primary objective (i.e., a statistically powered objective) but only as secondary objective (i.e., non-statistically powered objective); other studies in our clinical trial program are evaluating safety outcomes (fever as solicited AE) as primary (and powered) objective.^[22](#CIT0022)^ As a result, in this study the safety and reactogenicity assessments were only descriptive. The record of rare events with a very low incidence such as SAEs and NOCDs would require a large sample size to detect enough cases. In this regard, phase III studies do not allow assessing any statistical differences with respect to the incidence of SAEs and NOCDs. Large post-marketing studies and good-quality safety databases, such as the ones used to assess the safety of MMR II and MMR-RIT, are a more convenient method to detect events with very low risk.

This study has some limitations. The rationale for administering MMR-RIT along with DTaP-IPV and VV in this study was to reflect the clinical practice of childhood routine immunization programs. The study design did not include groups of children who received each of the co-administered vaccines alone or in pairs with either MMR-RIT or MMR II -- a design that could have helped us better understand the relative contribution of each vaccine to the effects observed (e.g., higher pain at the MMR injection site observed in sub-cohort 1). However, it is recommended not to withhold or delay the administration of vaccines routinely used in children, as it is critical to achieve protection against all antigens in a timeframe as short (and adequate) as possible.^[11](#CIT0011)^

In this study, we aimed at comparing MMR-RIT with the current standard of care in the USA (MMR II). Consequently, no placebo group was included and only the safety profile relative to a similar vaccine was assessed.

Most of the children enrolled in this study were from the USA. This limited geographical focus was based on the need to obtain data for the target population, as this study was intended to support licensure of MMR-RIT in the USA. However, we also included children from South Korea and Taiwan, which increases the generalizability of the study results.

While immunogenicity of the measles and rubella components has been universally accepted, the evaluation for the mumps component has been a complicated matter, due to different sensitivities and accuracies of the assays.^[18](#CIT0018)^ In this regard, a potential limitation of this study was the use of an ELISA assay to assess mumps immunogenicity, instead of using a functional assay such as plaque-reduction neutralization assays, which could distinguish neutralizing from non-neutralizing antibodies. We used ELISA since it is the most widely accepted assay for assessing mumps immunogenicity and it has been used in numerous previous studies of MMR-containing vaccines. Another consideration relates to the fact that there is no serological correlate of protection for mumps.^[23](#CIT0023)--[25](#CIT0025)^ The implications of immunogenicity data for mumps should hence be considered cautiously and emphasize the need to take into account other variables such as epidemiological data. However, the results showed that the immune response elicited by MMR-RIT to the different MMR components was non-inferior to that elicited by MMR II, which stands for the primary objectives of this clinical trial.

In conclusion, our results showed non-inferiority of MMR-RIT compared with the standard of care in the USA when administered in children 4--6 years of age with or without other vaccines routinely recommended at that age -- namely DTaP-IPV and VV -- without affecting the immunogenicity of these co-administered vaccines.

Patients and methods {#S0004}
====================

Study design and participants {#S0004-S2001}
-----------------------------

We conducted a phase IIIa, observer-blind, randomized, controlled study (ClinicalTrials.gov: NCT01621802) between June 2012 and November 2015 in 70 sites in 3 countries: South Korea, Taiwan, and the USA.

In this study, we enrolled healthy children 4--6 years of age in 3 sub-cohorts based on country and site ([Figure 4](#F0004)). Sub-cohort 1 consisted of children enrolled only in the USA; sub-cohorts 2 and 3 consisted of children from all 3 countries. Children in each sub-cohort were then randomized in a 6:1:1 ratio to receive 1 dose of MMR-RIT, MMR II (lot 1), or MMR II (lot 2). As the 2 lot groups of MMR II were pooled for the analyses, the overall randomization ratio in each sub-cohort was 3:1 (MMR-RIT:MMR II). All children in sub-cohort 1 also received DTaP-IPV and VV (1 dose each, which corresponded to the fifth dose of DTaP-containing vaccine, fourth dose of IPV and second dose of VV in the recommended immunization schedule for the participants).10.1080/21645515.2018.1554971-F0004Figure 4.Study design.Footnote: ![](khvi-15-04-1554971-i001.jpg){#ILG0001}, blood sampling; ![](khvi-15-04-1554971-i002.jpg){#ILG0002}, vaccine administration (includes administration of DTaP-IPV and VV in sub-cohort 1); AEs, adverse events; DTaP-IPV, diphtheria, tetanus, acellular pertussis, and inactivated polio vaccine; NOCDs, new onset chronic diseases; SAEs, serious adverse events; VV, varicella vaccine.\*Drowsiness and loss of appetite were recorded as solicited general AE from Day 0 to Day 3 in sub-cohort 1 only.

Randomization of the MMR vaccines was performed at GSK (Rixensart, Belgium) using MATEX for Statistical Analysis Systems (SAS), with a blocking scheme of 6:1:1 within each sub-cohort. DTaP-IPV and VV were not randomized. Each site performed the treatment allocation using a central randomization system on internet (SBIR) with sub-cohort stratification and a minimization procedure accounting for site within each sub-cohort.

Due to potential color differences between reconstituted MMR-RIT and MMR II, the health care personnel who prepared and administered the vaccines were not blinded to the treatment group information; these personnel were not involved in the assessment of study endpoints. All data were then collected in an observer-blind manner: the vaccinees and their parents/LARs, the personnel involved in the laboratory tests, and those responsible for evaluating any study endpoint were blinded to the treatment.

This study consisted of 2 site visits (D0 and D42) and 1 phone contact for safety follow-up (D180; [Figure 4](#F0004)). Vaccines were administered at D0. Blood samples were collected, from cohorts 1 and 2 only, at D0 and D42.

Children 4--6 years of age in stable health as determined by the investigator were eligible for the study if their parents/LARs were to comply with requirements of the protocol and provided written informed consent, and if children met the following criteria based on assessment of their clinical history: no history of measles, mumps, or rubella diseases, no exposure to measles, mumps, or rubella viruses within 30 days prior to enrollment, and receipt of only 1 previous dose of a combined MMR vaccine or MMR and varicella virus-containing vaccine (MMR II, *M-M-R VaxPro* or P*roQuad (MMRV*), Merck & Co Inc.), administered in their second year of life.

Additional inclusion criteria for children to be enrolled in sub-cohort 1 were 1) previous receipt of 3 DTaP-containing vaccine doses as *Infanrix* (diphtheria and tetanus toxoids and acellular pertussis vaccine, adsorbed, GSK) and/or *Pediarix* (diphtheria and tetanus toxoids and acellular pertussis vaccine, adsorbed, hepatitis B \[recombinant\], inactivated poliovirus vaccine, GSK), plus a fourth dose as *Infanrix*; and 2) previous receipt of 1 dose of a varicella virus-containing vaccine (*Varivax* or *ProQuad (MMRV*), Merck & Co Inc.) in the second year of life.

Children in care and those who received more than the indicated number of previous doses of MMR vaccine (all sub-cohorts) or DTaP or VV (sub-cohort 1 only) were excluded from the study, as well as those planned to receive any non-study vaccine during the period from 30 days before enrollment to D41 (except live intranasal or inactivated influenza vaccine, allowed at any time). Details on these criteria, as well as additional exclusion criteria, are described in the supplementary material.

Independent ethics review committees or institutional review boards approved the study protocol, a summary of which is available at <https://www.gsk-clinicalstudyregister.com/study/115158>. The study was conducted in accordance with the Declaration of Helsinki and the Good Clinical Practice guidelines. The parent(s)/LAR(s) of each participant provided written informed consent before enrollment.

External organizations were contracted to help conduct the research (management and monitoring of the study, sample management, and laboratory tests).

Study objectives {#S0004-S2002}
----------------

This study had 4 co-primary objectives to evaluate the immunogenicity of MMR-RIT compared to MMR II, when administered with and without DTaP-IPV and VV, in terms of SRR and antibody concentrations to the MMR components (non-inferiority objectives; see "Statistical analyses" for details).

Secondary objectives included 1) evaluation of immunogenicity of DTaP-IPV and VV, in terms of BRRs or SRRs, and antibody concentrations to the components of DTaP-IPV and VV, when they were co-administered with MMR-RIT as compared to when co-administered with MMR II (non-inferiority objectives; see "Statistical analyses" for details); and 2) assessment of the reactogenicity and safety of MMR-RIT and MMR II vaccines in each sub-cohort separately.

Study vaccines {#S0004-S2003}
--------------

The MMR-RIT vaccine contains live attenuated measles virus (Schwarz strain) ≥10^3.0^ cell culture infectious dose 50 (CCID~50~), mumps virus (RIT4385 strain) ≥10^4.3^ CCID~50~, rubella virus (Wistar RA 27/3 strain) ≥10^3.0^ CCID~50~, anhydrous lactose, sorbitol, mannitol, amino acids, and neomycin.

The MMR II vaccine contains live attenuated measles virus (Moraten Edmonston-Enders strain) ≥10^3.0^ tissue culture infectious dose 50 (TCID~50~), mumps virus (Jeryl Lynn strain) ≥10^4.1^ TCID~50~, rubella virus (Wistar RA 27/3 strain) ≥10^3.0^ TCID~50~, sorbitol, sodium phosphate, sucrose, sodium chloride, hydrolyzed gelatin, recombinant human albumin, fetal bovine serum, and neomycin.

The composition of DTaP-IPV (*Kinrix*, GSK) and VV (VARIVAX, Merck & Co Inc) has been described elsewhere.^[26](#CIT0026),[27](#CIT0027)^ Each child received either MMR-RIT or MMR II subcutaneously in the right upper arm (triceps region). In sub-cohort 1, VV was administered subcutaneously in the left upper arm (triceps region), and DTaP-IPV intramuscularly in the left deltoid.

Immunogenicity assessments {#S0004-S2004}
--------------------------

Immunogenicity assessments were performed on blood samples taken at D0 and D42 from children in sub-cohorts 1 and 2. Sera were stored and transported at −20°C until assayed at a designated laboratory using standardized and validated procedures. IgG antibodies to measles, rubella, and VZV were measured using a commercial enzyme-linked immunosorbent assay (ELISA) kit, *Enzygnost* (Dade Behring) at NÉOMED-LABS Inc., Quebec, Canada. IgG antibodies against mumps were measured using an ELISA kit at Pharmaceutical Product Development, Inc., Pennsylvania, USA. IgG antibodies against DT, TT, PT, FHA, and PRN were measured using an in-house ELISA (GSK, Belgium), whereas antibodies against PV Sabin types 1, 2, and 3 were measured using an in-house virus micro-neutralization assay (GSK, Belgium).^[28](#CIT0028)^

To define seroresponses and booster responses, we used antibody concentration thresholds that were accepted by the Food and Drug Administration (FDA) as endpoints defining active immunization offering clinical benefit. The anti-VZV threshold was accepted by the FDA as threshold commonly used in previous studies.^[29](#CIT0029)^ Seroresponse was defined as an IgG antibody concentration ≥200 mIU/mL for anti-measles, ≥10 EU/mL for anti-mumps, ≥10 IU/mL for anti-rubella, and ≥75 mIU/mL for anti-VZV, at D42, and did not take into account pre-vaccination concentrations (since most of the participants were expected to be seroresponsive before their second dose of MMR vaccine and VV vaccine, administered in this study). Booster responses for PT, FHA, and PRN antigens were defined as: For participants with pre-vaccination antibody concentration below the assay cut-off (i.e., \<2.693 IU/mL for anti-PT, \<2.046 IU/mL for anti-FHA, and \<2.187 IU/mL for anti-PRN): post-vaccination antibody concentration ≥4 times the assay cut-off.For participants with pre-vaccination antibody concentration between the assay cut-off and 4 times above the assay cut-off: post-vaccination antibody concentration ≥4 times the pre-vaccination antibody concentration.For participants with pre-vaccination antibody concentration ≥4 times the assay cut-off: post-vaccination antibody concentration ≥2 times the pre-vaccination antibody concentration.

Booster responses for DT and TT antigens were defined as: For participants with pre-vaccination concentration \<0.1 IU/mL (i.e., below the seroprotection threshold): post-vaccination antibody concentrations ≥0.4 IU/mL.For participants with pre-vaccination concentration ≥0.1 IU/mL: an increase in antibody concentrations ≥4 times the pre-vaccination concentration 43 days after vaccination.

Reactogenicity and safety assessments {#S0004-S2005}
-------------------------------------

In all the sub-cohorts, solicited local AEs (injection site pain, redness, and swelling) were recorded from D0 to D3. MMR-specific solicited general AEs were recorded from D0 to D42 ([Figure 4](#F0004)) and included: fever (defined as temperature ≥38.0°C), rash (including measles/rubella-like and any rash), swelling of the parotid or other salivary glands, symptoms suggestive of meningeal irritation including febrile convulsions and headaches. In sub-cohort 1, drowsiness and loss of appetite were also recorded from D0 to D3, and varicella-like rash was recorded from D0 to D42, as solicited general AEs ([Figure 4](#F0004)).

Unsolicited AEs were documented from D0 to D42, whereas SAEs were documented throughout the entire study period (D0--180). NOCDs (e.g., autoimmune disorders, asthma, type I diabetes, vasculitis, celiac disease, conditions associated with sub-acute or chronic thrombocytopenia, and allergies) were recorded from D0 to D180.

We graded solicited AEs according to their intensity (grade 1--3). Grade 3 was defined as: limb spontaneously painful or child cried when limb was moved (pain); redness or swelling of diameter \>50 mm; temperature \>39.5°C (fever); AE preventing normal, everyday activities (any rash, febrile convulsion, drowsiness, unsolicited AEs); swelling with accompanying general symptoms (parotid/salivary gland swelling); not eating at all (loss of appetite). All solicited local (injection site) reactions were considered causally related to vaccination. Causality of all other AEs was assessed by the investigator.

Statistical analyses {#S0004-S2006}
--------------------

We planned to enroll 4000 children in this study: 1096 in sub-cohort 1 (MMR-RIT, N = 822; MMR II, N = 274), 1096 in sub-cohort 2 (MMR-RIT, N = 822; MMR II, N = 274), and 1808 in sub-cohort 3 (MMR-RIT, N = 1356; MMR II, N = 452). Assuming a 20% non-evaluable rate in the according-to-protocol cohort for immunogenicity, 876 children (MMR-RIT, N = 657; MMR II, N = 219) would be evaluable in each of the sub-cohorts 1 and 2.

All the immunogenicity objectives (primary and secondary) were statistically powered. The 4 co-primary objectives were assessed in parallel. To control the type I error below 2.5%, a Bonferroni adjustment was used to compare MMR-RIT and MMR II independently in either sub-cohort 1 or 2, with a 1.25% nominal type I error for the group comparison in each sub-cohort. In addition, a hierarchical procedure was used for the secondary objectives. The global power to reach all non-inferiority objectives for both sub-cohorts 1 and 2 was 93% assuming independence of sub-cohorts.

All the safety and reactogenicity analyses were descriptive only, and were conducted on the total vaccinated cohort, which included all vaccinated subjects with at least 1 vaccine administration documented. We tabulated, for each sub-cohort separately, the number and percentage of children reporting each of the safety and reactogenicity variables assessed.

All the immunogenicity analyses were conducted on the according-to-protocol cohort for immunogenicity, which included participants who received the vaccine(s) as per protocol, met eligibility criteria, complied with protocol-defined procedures, and had post-vaccination (D42) immunogenicity results for at least 1 of the 3 MMR vaccine components as appropriate for the sub-cohort. For the prespecified immunogenicity analyses, and for sub-cohorts 1 and 2 separately, the antibody concentrations or titers were summarized by antibody GMCs or GMTs with their 95% CIs. SRRs for antibodies to measles, mumps, rubella, and varicella (defined as percentage of children showing seroresponse to these antibodies), and BRRs for antibodies to DT, TT, and PT (defined as percentage of children showing booster response to these antibodies) were tabulated with their exact 95% CIs. We also tabulated the difference in SRR or BRR between groups (MMR-RIT minus MMR II) with its asymptotic standardized 97.5% CI, and the adjusted GMC or GMT ratio between groups (MMR-RIT over MMR II) with its 97.5% CI, for each prespecified antigen at D42.

### Primary non-inferiority objectives and criteria {#S0004-S2006-S3001}

To demonstrate the non-inferiority of MMR-RIT vaccine compared to MMR II vaccine, when administered with DTaP-IPV and VV (sub-cohort 1), in terms of SRRs to measles, mumps, and rubella viruses at D42. This was reached if the lower limit of the two-sided 97.5% CI for the group difference in SRRs at D42 (MMR-RIT SRR minus MMR II SRR) was ≥-5% for the 3 antigens.To demonstrate the non-inferiority of MMR-RIT vaccine compared to MMR II vaccine, when administered with DTaP-IPV and VV (sub-cohort 1), in terms of antibody concentrations to measles, mumps, and rubella viruses at D42. Non-inferiority was demonstrated if the lower limit of the two-sided 97.5% CI for the adjusted GMC ratio at D42 (MMR-RIT GMC over MMR II GMC) was ≥0.67 for antibodies to the 3 antigens.To demonstrate the non-inferiority of MMR-RIT vaccine compared to MMR II vaccine, when administered without DTaP-IPV and VV (sub-cohort 2), in terms of SRRs to measles, mumps, and rubella viruses at D42. This was reached if the lower limit of the two-sided 97.5% CI for the group difference in SRRs at D42 (MMR-RIT SRR minus MMR II SRR) was ≥-5% for the 3 antigens.To demonstrate the non-inferiority of MMR-RIT vaccine compared to MMR II vaccine, when administered without DTaP-IPV and VV (sub-cohort 2), in terms of antibody concentrations to measles, mumps, and rubella viruses at D42. Non-inferiority was demonstrated if the lower limit of the two-sided 97.5% CI for the adjusted GMC ratio at D42 (MMR-RIT GMC over MMR II GMC) was ≥0.67 for antibodies to the 3 antigens.

### Secondary non-inferiority objectives and criteria {#S0004-S2006-S3002}

To demonstrate the non-inferiority in terms of SRRs and antibody concentrations to VZV at D42 when VV is administered with MMR-RIT and DTaP-IPV as compared to when VV is administered with MMR II and DTaP-IPV (sub-cohort 1). This was proven if 1) the lower limit of the two-sided 97.5% CI for the group difference in SRRs at D42 (MMR-RIT SRR minus MMR II SRR) was ≥-5% for anti-VZV antibody, and 2) the lower limit of the two-sided 97.5% CI for the adjusted GMC ratio at D42 (MMR-RIT GMC over MMR II GMC) was ≥0.67 for anti-VZV antibody.To demonstrate the non-inferiority in terms of BRRs to DT, TT, PT, FHA, and PRN when DTaP-IPV is administered with MMR-RIT and VV as compared to when DTaP-IPV is administered with MMR II and VV (sub-cohort 1). This was reached if the lower limit of the two-sided 97.5% CI for the group difference in BRR at D42 (MMR-RIT BRR minus MMR II BRR) was ≥-10% for DT, TT, PT, FHA, and PRN antigens.To demonstrate the non-inferiority in terms of antibody titers to PV types 1, 2, and 3 at D42 when DTaP-IPV is administered with MMR-RIT and VV as compared to when DTaP-IPV is administered with MMR II and VV (sub-cohort 1). This was demonstrated if the lower limit of the two-sided 97.5% CI for the GMT ratio at D42 (MMR-RIT GMT over MMR II GMT) was ≥0.67 for the 3 PV antigens.To demonstrate the non-inferiority in terms of anti-PT, anti-FHA, and anti-PRN antibody concentrations at D42 when DTaP-IPV is administered with MMR-RIT and VV as compared to when DTaP-IPV is administered with MMR II and VV (sub-cohort 1). This was proven if the lower limit of the two-sided 97.5% CI for the adjusted GMC ratio at D42 (MMR-RIT GMC over MMR II GMC) was ≥0.67 for each antibody.

Statistical analyses were performed using the SAS version 9.3 on SAS Drug Development 4.3. The definition of non-inferiority thresholds is provided in the supplemental online material.

Changes in the conduct of the study {#S0004-S2007}
-----------------------------------

This study was conducted according-to-protocol, and all analyses were performed as planned in the protocol and the statistical analysis plan except for the following: 1) During the course of the study, the ELISA assays used to measure anti-DT, anti-TT, anti-PT, anti-FHA, and anti-PRN IgG antibody concentrations were re-developed and re-validated. The new ELISA was calibrated against the WHO International Standard (NIBSC 06/140) for PT, FHA, and PRN antigens.^[30](#CIT0030)^ 2) The booster response criteria for anti-DT and anti-TT were corrected during the conduct of the study. New statistical outputs were generated, and the BRRs reported in this manuscript are those calculated with the correct criteria.

Acknowledgments
===============

We would like to thank the children participating in this study and their parents/representatives; the investigators, nurses, and other study site personnel who contributed to this study; the sites in South Korea, Taiwan, and the USA for enrollment. We thank Sara Rubio, PhD (XPE Pharma & Science, Wavre, Belgium c/o GSK) for providing medical writing services, and Emmanuelle Ghys, PhD (XPE Pharma & Science, Wavre, Belgium c/o GSK) for publication management.

Disclosure of potential conflicts of interest {#S0005}
=============================================

MP, OH, PG and RA-E are employees of the GSK group of companies, and OH, PG and RA-E hold shares in the GSK group of companies as part of their employee remuneration. CP, CSK, DSJ, NK and Y-KK declare that their institution received grants and/or other support from the GSK group of companies for the conduct of this trial as investigators. CP and NK also declare support through their institutions for the conduct of other trials (CP: from Merck and Sanofi Pasteur; NK: from Merck, MedImmune, Dynavax, Protein Science, Sanofi Pasteur, and Pfizer). L-MH received lecture fees from MSD. EZ, HMK, JS, K-HK, K-NK, N-CC, RC, S-HM, SJY, SS, TZW and Y-CH have indicated they have no financial relationship or conflict of interest relevant to this article to disclose.

Trademark statement {#S0006}
===================

*Priorix, Kinrix, Infanrix*, and *Pediarix* are trademarks owned by or licensed to the GSK group of companies. *M-M-R II, M-M-R VaxPro, ProQuad*, and *VARIVAX* are trademarks of Merck and Co., Inc. *Enzygnost* is a trademark of Dade Behring Marburg GmbH.

Contributors {#S0007}
============

Within the MMR-158 Study Group, the following fulfilled the ICMJE criteria to be considered as authors (in alphabetical order of last name):

Study investigators: Chiu, Nan-Chang (Mackay Memorial Hospital, No.92 Sec. 2, Zhongshan N. Rd., Taipei, Taiwan; email: <ncc88@mmh.org.tw>); Clifford, Robert (Coastal Pediatric Associates, 2051 Charlie Hall Boulevard, Charleston 29414, South Carolina, United States,; email: <clifford@coastalpediatricassociates.com>); Huang, Li-Min (Department of Pediatrics, National Taiwan University, N°8 Chung-Shan South Road, Taipei, Taiwan; email: <lmhuang@ntu.edu.tw>); Huang, Yhu-Chering (Chang-Gung Memorial Hospital, 5 Fu Hsing Street, Kuei Shan, Taoyuan, Taiwan; email: <ychuang@cgmh.org.tw>); Jo, Dae Sun (Department of Pediatrics, Chonbuk National University Children's Hospital, 20 Geonji-ro Deokjin-gu Jeonju, Republic of Korea; email: <drjo@chonbuk.ac.kr>); Kim, Chun Soo (Keimyung University School of Medicine, 194 Dongsan-dong Jung-Gu, Daegu, Republic of Korea; email: <cskim@dsmc.or.kr>); Kim, Hwang Min (Pediatrics, Wonju Christian Hospital, \#162 Ilsan-dong, Wonju-si Kangwon-do, Republic of Korea; email: <khm9120@yonsei.ac.kr>); Kim, Kwang-Nam (Hallym University Sacred Heart Hospital, 896 Pyeongchon-dong, Dongan-gu, Anyang-si, Gyeonggi-do, Republic of Korea; email: <kwangnamkim@naver.com>); Kim, Kyung-Hyo (Department of Pediatrics, Ewha Womans University College of Medicine, 1071, Anyangcheon-ro, Yangcheon-gu, Seoul, Republic of Korea; email: <kaykim@ewha.ac.kr>); Kim, Yun-Kyung (Korea University Ansan Hospital, \#516, Gojan1-dong, Dawon-gu, Ansan, Republic of Korea; email: <byelhana@hanmail.net>); Klein, Nicola P. (Kaiser Permanente Vaccine Study Center, 1 Kaiser Plaza, Oakland, California, USA; email: <nicola.klein@kp.org>); Ma, Sang-Hyuk (Changwon Fatima Hospital, 212 MyeongSeo-dong, Changwon city, GyeongSangNam-do, Republic of Korea: email: <pedma@naver.com>); Peltier, Christopher (Department of Pediatrics, University of Cincinnati College of Medicine and Pediatric Associates of Mt. Carmel, Inc., 4371 Ferguson Drive, Cincinnati 45245, Ohio, USA; email: <cpeltier007@gmail.com>); Senders, Shelly (Senders Pediatrics, 2054 South Green Road, Cleveland 44121, Ohio, USA; email: <ssenders@senderspediatrics.com>); Shepard, Julie (Ohio Pediatric Research Association, Suite 200, 7200 Poe Avenue, Dayton 45414, Ohio, USA; email: <jshepard@ohiopediatricresearch.com>); Wu, Tsung Zu (Department of Pediatrics, Taipei City Hospital, Heping Fuyou Branch, No.12 Fuzhou St., Zhongzheng Dist., Taipei, Taiwan; email: <dae37@tpech.gov.tw>); Yeh, Shu Jen (Far Eastern Memorial Hospital, No.21, Sec. 2, Nanya S. Rd., Banciao Dist., New Taipei; email: <sjyeh@mail.femh.org.tw>); Zissman, Edward (Altamonte Pediatric Associates, Suite 1100, 475 Osceola Street, Altamonte Springs 32701, Florida, USA; email: <ezissman@childrensresearch.net>).

GSK staff Belgium (GSK, 20 Avenue Fleming, Wavre, Belgium): Gillard, Paul (<paul.gillard@gsk.com>); Povey, Michael (<michael.x.povey@gsk.com>).

GSK staff USA: Abu-Elyazeed, Remon (GSK, 5 Crescent Dr, Philadelphia 19112, Pennsylvania, USA; email: <Remon.Abu-Elyazeed@gsk.com>); Henry, Ouzama (GSK, 14200 Shady Grove Rd, Rockville 20850, Maryland, USA; email: <Ouzama.x.henry@gsk.com>)

Supplementary material {#S0008}
======================

Supplemental data for this article can be accessed on the publisher's [website](https://doi.org/10.1080/21645515.2018.1554971).

###### Supplemental Material

[^1]: N, number of participants; SD, standard deviation; n (%), number (percentage) of participants in the category.

[^2]: \*Age at study vaccination.

[^3]: N, number of participants with both pre- and post-vaccination results available. \* Except for anti-mumps, for which MMR-RIT (N = 698) and MMR II (N = 250) for SRR, and MMR-RIT (N = 691) and MMR II (N = 248) for GMC.

[^4]: SRR, seroresponse rate: percentage of participants with antibody concentration greater than or equal to the seroresponse threshold for each assay (200 mIU/mL, 10 EU/mL, and 10 IU/mL for anti-measles, anti-mumps, and anti-rubella antibodies, respectively).

[^5]: Adjusted GMC, geometric mean antibody concentration adjusted for pre-vaccination concentration.

[^6]: ^a^Standardized asymptotic 97.5% confidence interval.

[^7]: ^b^97.5% confidence interval obtained using an ANCOVA model.

[^8]: Bold values indicate non-inferiority criterion met. Non-inferiority criterion for SRR: lower limit of the two-sided 97.5% CI for the group difference in SRRs at D42 (MMR-RIT SRR minus MMR II SRR) ≥-5% for measles, mumps and rubella viruses. Non-inferiority criterion for GMCs: lower limit of the two-sided 97.5% CI for the adjusted GMC ratio at D42 (MMR-RIT GMC over MMR II GMC) ≥0.67 for anti-measles, anti-mumps and anti-rubella antibodies.

[^9]: N, number of participants with both pre- and post-vaccination results available. \* Except for anti-mumps, for which MMR-RIT (N = 732) and MMR II (N = 282).

[^10]: SRR, seroresponse rate: percentage of participants with antibody concentration greater than or equal to the seroresponse threshold for each assay (200 mIU/mL, 10 EU/mL, and 10 IU/mL for anti-measles, anti-mumps, and anti-rubella antibodies, respectively).

[^11]: Adjusted GMC, geometric mean antibody concentration adjusted for country and pre-vaccination concentration.

[^12]: ^a^Standardized asymptotic 97.5% confidence interval.

[^13]: ^b^97.5% confidence interval obtained using an ANCOVA model.

[^14]: Bold values indicate non-inferiority criterion met. Non-inferiority criterion for SRR: lower limit of the two-sided 97.5% CI for the group difference in SRRs at D42 (MMR-RIT SRR minus MMR II SRR) ≥-5%. Non-inferiority criterion for GMCs: lower limit of the two-sided 97.5% CI for the adjusted GMC ratio at D42 (MMR-RIT GMC over MMR II GMC) ≥0.67.

[^15]: N, number of participants with both pre- and post-vaccination results available (except for anti-VZV, which also includes participants without pre-vaccination results available); DT, diphtheria toxoid; FHA, filamentous hemagglutinin; PRN, pertactin; PT, pertussis toxoid; TT, tetanus toxoid, VZV, varicella zoster virus.

[^16]: BRR, booster response rate (for anti-DT, -FHA, -PRN, -PT, and -TT antibodies): percentage of participants with a booster response for DT, TT, FHA, PRN, or PT antigens (see definitions of booster response in Patients and Methods).

[^17]: SRR, seroresponse rate (for anti-VZV only): percentage of participants with antibody concentration above the seroresponse threshold (≥75 mIU/mL).

[^18]: ^a^Standardized asymptotic 97.5% confidence interval.

[^19]: Bold values indicate non-inferiority criterion met. Non-inferiority criteria: lower limit of the two-sided 97.5% CI for the group difference in BRRs or SRRs at D42 (MMR-RIT minus MMR II) ≥-10% for DT, TT, PT, FHA, and PRN antigens and ≥-5% for anti-VZV antibodies.

[^20]: N, number of participants with available results; FHA, filamentous hemagglutinin; PRN, pertactin; PT, pertussis toxoid; PV, poliovirus; VZV, varicella zoster virus.

[^21]: Adjusted GMC/GMT, geometric mean antibody concentration/titer adjusted for pre-vaccination concentration.

[^22]: ^a^97.5% confidence interval calculated with an ANCOVA model.

[^23]: Bold values indicate non-inferiority criterion met. Non-inferiority criterion: lower limit of the two-sided 97.5% CI for the adjusted GMC or GMT ratio at D42 (MMR-RIT over MMR II) ≥0.67.

[^24]: N, number of participants with the administered dose; n (%), number (percentage) of participants reporting the specified symptom.

[^25]: Grade 3 was defined as: adverse event preventing normal, everyday activities (any rash, febrile convulsion/headaches); swelling with accompanying general symptoms (parotid/salivary gland swelling).

[^26]: \* Varicella-like rash was assessed only in sub-cohort 1 as a solicited adverse event of interest after varicella vaccine administration.

[^27]: AE, adverse event; SAE, serious adverse event; N, number of participants with the administered dose; n (%), number (percentage) of participants reporting an AE at least once; NOCDs, new onset chronic diseases.

[^28]: ^a^Unsolicited AEs of grade 3 intensity were those preventing normal, everyday activities.
